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Helianthus tuberosus lectin reveals a widespread scaffold for
mannose-binding lectins
Yves Bourne1*, Véronique Zamboni1, Annick Barre2, Willy J Peumans3,
Els JM Van Damme3 and Pierre Rougé2
Background: Heltuba, a tuber lectin from the Jerusalem artichoke Helianthus
tuberosus, belongs to the mannose-binding subgroup of the family of jacalin-
related plant lectins. Heltuba is highly specific for the disaccharides Manα1–3Man
or Manα1–2Man, two carbohydrates that are particularly abundant in the
glycoconjugates exposed on the surface of viruses, bacteria and fungi, and on the
epithelial cells along the gastrointestinal tract of lower animals. Heltuba is therefore
a good candidate as a defense protein against plant pathogens or predators. 
Results: The 2.0 Å resolution structure of Heltuba exhibits a threefold symmetric
β-prism fold made up of three four-stranded β sheets. The crystal structures of
Heltuba in complex with Manα1–3Man and Manα1–2Man, solved at 2.35 Å and
2.45 Å resolution respectively, reveal the carbohydrate-binding site and the
residues required for the specificity towards α1–3 or α1–2 mannose linkages.
In addition, the crystal packing reveals a remarkable, donut-shaped, octahedral
assembly of subunits with the mannose moieties at the periphery, suggesting
possible cross-linking interactions with branched oligomannosides.
Conclusions: The structure of Heltuba, which is the prototype for an extended
family of mannose-binding agglutinins, shares the carbohydrate-binding site and
β-prism topology of its galactose-binding counterparts jacalin and Maclura
pomifera lectin. However, the β-prism elements recruited to form the octameric
interface of Heltuba, and the strategy used to forge the mannose-binding site,
are unique and markedly dissimilar to those described for jacalin. The present
structure highlights a hitherto unrecognized adaptability of the β-prism building
block in the evolution of plant proteins.
Introduction
Many plants contain carbohydrate-binding proteins that
bind preferentially to mannose or oligomannosides [1,2].
This wide distribution of mannose-binding proteins
among higher plants already suggests that the recogni-
tion/binding of mannose-containing glycans is of great bio-
logical importance. Further support for the importance of
an efficient mannose-recognition system is given by the
fact that higher plants have developed at least three differ-
ent structural motifs to recognize this sugar: the β sand-
wich of some legume lectins; the β barrel of the monocot
mannose-binding lectins; and the β prism of the mannose-
specific subgroup of the jacalin-related lectins [1,2] (for a
review see [3]). Mannose is rather scarcely distributed in
the plant kingdom but is a very common constituent of
glycoconjugates, which are exposed on the surface of
viruses, bacteria and fungi, and on the epithelial cells
along the gastrointestinal tract of lower animals. There-
fore, it is tempting to speculate that mannose-binding
lectins play a role in the plant’s defence against patho-
genic microorganisms and phytophagous invertebrates or
herbivorous animals [2,4,5]. Conclusive evidence for a
defensive role has been obtained for the mannose-binding
lectin from Galanthus nivalis (snowdrop; GNA) — trans-
genic plants expressing the lectin gene show enhanced
resistance against sucking insects [6]. Interestingly, this
lectin is also a potent inhibitor of retroviruses in vitro [7].
Until recently, the T-antigen-binding lectins from seeds of
jackfruit (Artocarpus integrifolia; jacalin) and the Osage
orange (Maclura pomifera; MPA) were considered a small
family of galactose-binding lectins with a taxonomic distrib-
ution confined to a few genera of the family Moraceae.
However, the isolation of a mannose-specific agglutinin
from rhizomes of hedge bindweed (Calystegia sepium) with a
high sequence similarity to jacalin demonstrated that
jacalin-related lectins also occur outside the Moraceae
family and are able to exhibit a different specificity [8].
Accordingly, the family of jacalin-related lectins is now sub-
divided into two different subgroups. The so-called galac-
tose-specific subgroup comprises jacalin and a few
other Moraceae lectins, which exhibit specificity towards 
galactose and are built up of subunits consisting of a short
β chain and a long α chain. In contrast, lectins of the
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mannose-binding subgroup occur in different plant families,
exhibit an exclusive specificity towards mannose and are
built up of subunits consisting of a single polypeptide chain.
According to the available data on purified proteins and
sequenced cDNA or genomic sequences, jacalin and its
mannose-specific homologues occur in taxonomically unre-
lated families including the Moraceae (jacalin, MPA, arto-
carpin and KM+) [9], the Convolvulaceae (Calsepa, Conarva
[Convolvulus arvensis agglutinin]) (EJMVD et al., unpub-
lished data), the Asteraceae (Heltuba) [10], the Gramineae
(jacalin-related lectins from barley and wheat) and the
Musaceae (BanLec [banana lectin]) (WJP, unpublished
data). This widespread distribution over monocots
(Gramineae, Musaceae) and dicots (Moraceae, Convolvu-
laceae, Asteraceae) suggests that both subgroups of the
jacalin-related lectins have a common ancestor [1]. However,
the mannose-binding jacalin-related lectins differ from the
galactose-specific jacalin and MPA in several aspects: they
are not proteolytically processed into an α and β polypep-
tide; they are synthesized without a signal peptide and
hence are presumed cytoplasmic proteins; and they all
exhibit an exclusive specificity towards mannose. Because
sequence identities within this lectin family vary from 24.5%
(between the jacalin-related lectin from wheat and KM+) to
75% (between jacalin and MPA), and amount to only 27%
between jacalin and Heltuba, large structural differences are
likely to occur within members of this family (Figure 1).
Surface plasmon resonance (SPR) measurements have
demonstrated that Heltuba specifically interacts with
mannose, oligomannosides and glycans of the high-
mannose type; both Manα1–2Man and Manα1–3Man are
the best dimannoside inhibitors [10]. The specificity
observed towards the α1–2 linkage suggests that Heltuba
can interact with the outer α1–2 branched mannose units of
the high-mannose type glycans typically found in many
glycoproteins. The carbohydrate-binding site of Heltuba
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Sequence conservation and Heltuba assembly. Sequence alignment
of mannose-specific (subgroup 1; labelled 1) and galactose-specific
(subgroup 2; labelled 2) agglutinins of the family of jacalin-related
lectins. Multiple sequence alignment was performed with ClustalW
and modified according to the structural homologies inferred from
both hydrophobic cluster analysis and the superposition of the
available crystallographic structures. Invariant and conserved
residues in all sequences are highlighted with a red and yellow
background, respectively. Secondary structure elements of Heltuba
are indicated above the sequences and are colour-coded orange,
blue and magenta for Greek-key motifs 1, 2 and 3, respectively.
Residues involved in the mannose-binding site are identified by black
circles. Residues buried at the two dimer interfaces are marked by
triangles: blue for dimer interface 1–2, which is conserved with
jacalin, and green for the novel dimer interface 1–3. Similar colour-
coded circles are positioned above the Maclura pomifera agglutinin
(MPA) sequence and indicate residues buried in the 1–2 and 1–1′
dimer interfaces of jacalin, respectively.
does not accommodate more than two sugar units, however,
as α1–3,α1–6 mannotriose and α1–3,α1–6 mannopentaose
are no more inhibitory than dimannosides [10]. Although
three groups have reported the crystallization of mannose-
specific jacalin-related lectins — KM+ [11], artocarpin [9]
and Calsepa [12] — no structure is yet available. Recently,
a three-dimensional model of KM+ was predicted from the
atomic coordinates of jacalin [13]. However, this model did
not unambiguously reveal the structural determinants
required for mannose binding or those involved in the
tetrameric assembly of this jacalin-related lectin [14]. 
Here we report the 2.0 Å resolution crystal structure of apo
Heltuba, which represents the first three-dimensional
structure of a member of this new family of lectins, as well
as the 2.35 Å and 2.45 Å resolution crystal structures of
Heltuba in complex with Manα1–3Man and Manα1–2Man
dimannoside, respectively. Heltuba has a threefold sym-
metric β-prism fold similar to that of its galactose-binding
homologues jacalin and MPA. The two Heltuba–dimanno-
side complex structures reveal the atomic details of a novel
carbohydrate-binding site which defines precisely the
residues involved in mannose binding. Accordingly, these
novel structures can be used as a prototype for other
members of the large subgroup of mannose-specific
jacalin-related lectins, which is far more widespread in the
plant kingdom than the small galactose-specific subgroup.
Results and discussion
Determination and quality of the Heltuba structure
The crystals of Heltuba, which belong to the tetragonal
space group I422 (unit-cell dimensions a = b = 105 Å and
c = 65 Å) with one molecule per asymmetric unit, were
used to solve the structure by the molecular replacement
method using the coordinates of jacalin ([13]; Protein
Data Bank [PDB] code 1JAC) as a search model. The
structures of apo Heltuba and the two Heltuba–dimanno-
side complexes have crystallographic R factors of 17.1%,
19.9% and 18.6% (R free = 25.5%, 21.7% and 24.3%) at
2.0 Å, 2.35 Å and 2.45 Å resolution, respectively, and have
good stereochemistry (Table 1). The four N-terminal
amino acid residues are ill-defined and were not incorpo-
rated into the models. In addition, the sidechains of
Lys51, Asp66 and Tyr90 within surface loops are poorly
defined in the electron-density maps. 
Overall structure of the molecule
Heltuba belongs to the β-prism family [15]. The β prism
consists of three four-stranded β sheets that possess an
approximate internal threefold symmetry, and has overall
dimensions of 40 Å × 25 Å × 20 Å (Figures 2a,b). The
three four-stranded β sheets form three Greek-key motifs
(i.e. two antiparallel pairs labelled 1–3 in Figure 2b), with
an overall structure similar to that of jacalin [13] and MPA
[16]. In contrast to jacalin and MPA, however, Heltuba
consists of single-chain subunits and hence contains an
additional loop that connects β1 to β2 within the first
Greek-key motif. In addition, Heltuba contains an
unprecedented cysteine residue at the beginning of β4, a
residue which is rare in the sequences of jacalin-related
lectins. Only 12 residues out of 150 are invariant within
the known sequences of mannose-binding jacalin-related
lectins (Figure 1), suggesting a large structural adaptability
of this fold despite its role in binding simple sugars. These
key residues are necessary for the integrity of the β-prism
fold, and consist mainly of glycine and aromatic residues
that have a key role in the packing of the three Greek-key
motifs (Figures 2a,b). Within the carbohydrate-binding
site, only Gly18 within the loop β1–β2 is conserved, indi-
cating that there is an apparent non-conservation of these
residues in other members of the β-prism fold. As a result,
the β-prism fold can accommodate different sugars, as was
previously observed for the galactose-binding jacalin [13].
Comparison of Heltuba with the DALI database of protein
structures [17] revealed two homologous structures that also
belong to the β-prism family: the vitelline membrane outer
layer protein I (VMO-I) [18] and the Bacillus thuringiensis
CryIA(a) insecticidal toxin [19]. Despite the low degree of
sequence homology, Heltuba can be superposed on the
endotoxin domain and VMO-I with root mean square (rms)
deviations of 2.5 Å and 2.9 Å for 110 and 119 Cα positions,
respectively. Besides the structural homology, another key
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Table 1
Data collection and refinement statistics.
apo triMan diMan
Resolution (Å) 2.0 2.35 2.45
No. observations 86,459 60,741 53,576
No. unique observations 11,038 7889 6269
Rsym (%)* 7.7 (23.3) 8.7 (39.5) 8.3 (35.0)
I/σ(I) 8.8 (3.1) 7.6 (1.7) 7.1 (2.0)
Redundancy 3.0 4.9 2.4
Completeness (%) 90.7 (92.3) 98.5 (95.2) 91.8 (91.7)
Resolution (Å) 15–2.0 15–2.35 12–2.45
R factor†/R free (%) 19.9/25.5 17.1/21.7 18.6/24.3
No. of reflections (no σ cut-off) 11,024 7889 6269
Rms deviations
bond lengths (Å) 0.012 0.015 0.015
bond angles (°) 1.7 2.1 2.0
dihedral angles (°) 26.79 26.8 27.2
improper angles (°) 0.9 1.1 1.08
Mean B factors (Å2)
mainchain 26.1 34.2 31.7
sidechain 27.7 35.3 32.4
solvent 41.6 47.3 40.7
sugar – 50.0 45.1
Rms deviations on B factors (Å2)
mainchain 1.1 1.0 1.1
sidechain 1.5 1.1 1.5
*Rsym = | I–<I>| <I>, where I is the intensity and <I> is the average I
for all observations of equivalent reflections. Values in brackets are for
the outer resolution shell. †R factor = |Fobs|–|Fcalc|/|Fobs|. R free, the R
factor calculated for 5% of the data omitted from the refinement.
feature of these structures is the presence of a strong
electronegative patch at the top of the β-prism fold where
the mannose-binding site of Heltuba is located (Figure 2c).
Taken together, these structural features suggest that these
proteins may have evolved from a common ancestor.
The carbohydrate-binding site
Analysis of apo Heltuba crystals soaked with Manα1–2Man
dimannoside (diMan), α1–3 mannotriose (triMan) and
α1–3,α1–6 mannopentaose (pentaMan, data not shown)
unambiguously revealed the location of the carbohydrate-
binding site of the lectin. In all structures, the electron-
density maps were well defined only for the disaccharide
moieties Manα1–2Man or Manα1–3Man (Figure 3a), an
observation consistent with previous SPR hapten inhibi-
tion assays showing that trimannosides and pentamanno-
sides were not better inhibitors than dimannosides [10].
The key mannose-binding site, which occurs at a similar
position to that of galactose in jacalin, consists of three
exposed loops located at the top of the β-prism fold and
belonging to Greek-key motifs 1 and 3 (Figure 3b). The
tripeptide Gly135-Asp136-Val137 and residue Asp139
belong to the surface-exposed β11–β12 loop and create a
network of hydrogen bonds with the O6, O5 and O4
hydroxyl groups of mannose. Gly18 is located within the
β1–β2 loop and establishes an additional hydrogen bond
with the O3 atom and van der Waals interactions with the
equatorial O4 conformation of mannose. Surprisingly,
there is no direct hydrogen bond between Heltuba and the
axial O2 atom of mannose as is frequently found in other
structures of mannose-specific lectins [20,21]. In Heltuba,
the axial O2 atom of mannose establishes van der Waals
interactions with the Gly18 and Gly135 mainchain atoms,
whereas the equatorial O2 atom in glucose is directed
towards the outside solvent. This observation suggests that
for Heltuba mannose binding is energetically more favor-
able than that of glucose. In addition, Met92 of the β7–β8
loop stacks against the B-face of the mannose pyranose
ring (Figure 3). The presence of a methionine residue
within a carbohydrate-binding site is unique for a plant
lectin and has only been found so far in the L-arabinose-
binding protein [22]. The role of this particular residue in
binding L-arabinose and derivatives has been extensively
studied by site-directed mutagenesis [23]. The rms devia-
tions in Cα positions between the apo Heltuba and the
two dimannoside complexes is 0.24 Å, indicating that
no significant structural rearrangement occurs upon
mannose binding. Superposition of the apo Heltuba and 
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Figure 2
Overall view of Heltuba and homology within
the β-prism fold family. (a) Ribbon diagram of
the Heltuba subunit with the four-stranded
β sheets that form the three Greek-key motifs
color-coded as in Figure 1. (b) The view down
the β-prism fold; the Greek-key motifs are
labelled. The β1–β2 loop, which is
reminiscent of the mannose-binding lectins of
the jacalin-related lectin family, is coloured in
red. (c) Electrostatic potential mapped onto
the molecular surface of Heltuba (left), jacalin
(centre) and VMO (right). The structures are
all in the same orientation and coloured as
blue (positive potential > 6 kT/q) and red
(negative potential < –6 kT/q). In Heltuba, the
network of charged residues Asp136 and
Asp139 forms the negative potential within
the carbohydrate-binding site, whereas
Asp125 and three negatively charged clusters
(residues 39–51, 92–104 and 143–155)
provide the equivalent function in jacalin and
VMO, respectively.
dimannoside complex structures also revealed that three
ordered solvent molecules in the apo Heltuba structure
mimick the positions of the three hydroxyl groups O5, O4
and O6 of the key mannose-binding site, a feature fre-
quently observed in the three-dimensional structures of
sugar-binding proteins [20,21].
The strongest interaction of Heltuba with dimannosides
and trimannosides in solution is in agreement with the
shape of the Heltuba carbohydrate-binding site, which is
delimited by three loops. Of these loops, the length and
residue content of the long surface loop β7–β8 is highly
variable within members of this lectin family (Figure 1).
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Figure 3
Quality of the structure and the carbohydrate-
binding site. (a) Stereoview 2.35 Å resolution
omit Fo–Fc electron-density map, contoured at
3σ, showing the Manα1–3Man dimannoside
within the carbohydrate-binding site and
surrounding residues. The coordinates of this
region were omitted and the protein
coordinates were refined by simulated
annealing before the phase calculation.
(b) Stereoview superposition of Heltuba in
complex with Manα1–2Man (magenta and
orange) and Manα1–3Man (blue and yellow)
with surrounding sidechain residues. The
large movement of His91 in the Manα1–2Man
complex structure is visible (top right). 
(c) A Ligplot representation of the
carbohydrate-binding site showing, in the
same orientation, the main interactions
between Heltuba and Manα1–3Man (left) and
Manα1–2Man (right).
The carbohydrate-binding site is 10 Å deep, a distance
which corresponds to a dimannoside in an extended con-
formation. In both the Manα1–3Man and Manα1–2Man
dimannoside, the second mannose moiety establishes
fewer contacts with sidechain residues and is hydrogen
bonded to the Asp136 sidechain and His91 sidechain,
respectively (Figures 3b,c). Thus, the Heltuba preference
for Manα1–2Man over Manα1–3Man linkages, as observed
in solution, seems to result from differences in the con-
formations of the two dimannosides and the residue
sidechains within the carbohydrate-binding site, as
observed for His91 in the diMan complex structure
(Figure 3b). Overall, the α1–2 linkage establishes more
numerous van der Waals contacts with Met92 and accom-
modates the shape of the carbohydrate-binding site more
tightly than the α1–3 linkage, a feature consistent with
biochemical experiments [10]. 
The octamer assembly
Gel-filtration experiments indicated that native Heltuba,
like other members of the jacalin-related lectin family,
behaves as a tetramer in dilute solution [10]; however,
examination of the crystal packing revealed a remarkable
donut-shaped structure composed of eight Heltuba sub-
units associated into a flat assembly with overall dimen-
sions of 95 Å × 95 Å × 35 Å. A wide 30 Å solvent channel is
present at the centre and is surrounded by hydrophilic
residues associated with the β2–β3 and β4–β5 loops, in
addition to hydrophobic residues belonging to the N and
C termini (Figures 4a,b). The fact that the same crystal
form was obtained whether a high concentration of salt or
an organic solvent was used as precipitant raises the ques-
tion as to whether the octameric assembly observed in the
crystals of Heltuba reflects a major assembly of Heltuba in
concentrated solution. However, upon gel filtration at the
protein concentrations used for crystallization Heltuba
elutes as a protein of about 67 kDa, a value consistent with
a tetramer. In contrast, jacalin elutes as a protein of appar-
ent mass 43 kDa, a difference that suggests a higher
dimensional asymmetry and/or a higher level of hydration
of the Heltuba tetramer, compared to the jacalin compact
tetramer [13]. The octameric assembly consists of two dis-
tinct dimer interfaces: a dimer interface (termed 1–2)
involves 13 residues from β1 and β10 plus two residues
from the C-terminal region, which establish seven hydro-
gen bonds; a second dimer interface (termed 1–3) involves
12 residues from β2 and β5 located on the opposite face of
the β prism, which establish only three hydrogen bonds.
The buried surface area (calculated using a 1.6 Å probe
radius) is 800 Å2 on each subunit and for each interface,
and represents 57% and 54% of hydrophobic residues for
the 1–2 and 1–3 dimer interfaces, respectively. Whereas
no solvent molecules participate in the dimer interface
1–2, four solvent molecules are located at the centre of the
dimer interface 1–3, suggesting a higher flexibility and
lower stability for this novel interface. 
The Heltuba octamer, which represents the largest assem-
bly of subunits observed so far for a plant lectin, exhibits
eight exposed carbohydrate-binding sites oriented towards
the periphery and separated from each other by a distance
of 25 Å; this suggests that cross-linking interactions can
occur between mannose moieties belonging to different
antennae of a single N-glycan. Furthermore, the unique
donut-shaped assembly suggests that Heltuba is able to
cross-link N-glycans belonging to different glycoproteins.
This structure slightly resembles the GNA tetramer
(~64 Å × 64 Å × 30 Å) which consists of a flattened crown-
shaped association of two dimers of dimers through
hydrophobic interactions, a 15 Å solvent channel at the
centre, and 12 surface-exposed carbohydrate-binding sites
located 20–25 Å apart [24]. However, in contrast to GNA
where the dimers result from a C-terminal strand exchange
between two monomers, the Heltuba monomers associate
mainly through hydrophobic interactions between residues
belonging to β strands of the exterior face of the β prism. 
The β-prism domain fold and comparison with homologous
structures
Superposition of Heltuba and a jacalin monomer results in
an rms deviation of 1.47 Å for 129 Cα atoms, suggesting a
structural adaptability of the β-prism fold within the large
family of jacalin-related lectins. Large movements up to
5 Å occur in loop regions and β strands β2, β5, β11 and β12,
all located in Greek-key motifs 1 and 2 (Figure 5a). Of
these regions, β5 exhibits the lowest sequence identity
with other members of this family (Figure 1). The most
conserved face of the β prism involves those β strands that
compose Greek-key motif 3, which is not involved in either
of the dimer interfaces. The molecular surface of Heltuba
is highly hydrophobic when compared to that of jacalin
(Figure 2c). This feature can explain why Heltuba is poorly
soluble in aqueous solvents, and accounts for the side-by-
side dimer interface seen in the octameric assembly where
most of these hydrophobic residues are buried (Figure 4c).
This structural comparison revealed that mannose is posi-
tioned 2 Å deeper in the carbohydrate-binding site than
galactose in the corresponding site of jacalin. This is princi-
pally because of the absence of an N-terminal Gly1 residue
protruding at the surface and the bulky Phe47 sidechain in
jacalin that prevent a deeper penetration of galactose in the
site (Figure 5). The shape of the carbohydrate-binding site
differs considerably between Heltuba and jacalin, mainly
because of the presence of the β1–β2 linker in Heltuba that
precisely locates the key mannose-binding site as compared
to the galactose-binding site of jacalin (Figure 2c). Despite
these structural differences, seven of the nine hydrogen
bonds that are observed in the galactose-binding site of
jacalin are conserved in the Heltuba–mannose complex.
Gly18 of Heltuba is located in an additional loop which, as
present only in the single-chain jacalin-related lectins,
might confer specificity towards mannose. The proteolytic
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processing of the jacalin proprotein into an α chain and a 
β chain is responsible for the galactose-binding specificity of
jacalin. Proteolysis generates an N-terminal Gly1 with a free
amino group, which creates a hydrogen bond with the axial
O4 of galactose [13]. Heltuba Gly18 mimicks Gly1 of
jacalin, but its nitrogen atom is located 2.6 Å further away, a
distance that prevents the formation of a hydrogen bond
with the equatorial O4 atom of mannose. Comparison of the
B-factor values of the β1–β2 loop, that contains Gly17 and
Gly18, between apo Heltuba and the two dimannoside
complex structures did not reveal any significant 
differences, suggesting that a movement of this loop is
unlikely to account for differences in specificity between
members of the jacalin-related lectin family. A model of
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Figure 4
Heltuba assembly. Ribbon diagram of the
Heltuba octamer with the four dimers colour-
coded blue, orange, magenta and green. The
dimer interfaces are labelled 1–2 and 1–3.
The eight Manα1–3Man dimannosides are
located at the periphery and are shown in
CPK representation with orange bonds.
(b) Stereoview detail of the Heltuba octameric
assembly; because of the donut-shape of the
octamer, residues within the blue subunit (A)
interact not only with residues within the
proximal yellow/orange subunit (B), but also
with residues in the distal orange subunit (C).
(c) Molecular surface of a Heltuba subunit
(left) and a jacalin subunit (right) oriented to
match the blue subunit A in part (a) with
bound saccharide. The surface area buried
within the 1–2 and 1–3 dimeric interfaces of
Heltuba are colour-coded in dark blue and
green, respectively; those buried in the jacalin
tetramer correspond to the 1–2 (dark blue)
and 1–1′ (green) dimeric interfaces. Residues
within the jacalin β chain (top) are mostly
involved in the dimeric interface 1–1′.
galactose bound to Heltuba showed the axial O4 atom of
galactose to be located only 2.9 Å from the Gly18 Cα atom
resulting in steric clashes; these clashes can explain the pref-
erence of Heltuba for mannose over galactose. In addition, a
large movement of the stretch Phe61–Lys67 causes Gly135
of Heltuba to be shifted 1.9 Å as compared to Gly121 of
jacalin in the vicinity of the carbohydrate-binding site. This
movement may have an important role in preventing galac-
tose from binding to Heltuba, as it creates a steric clash with
the axial O4 atom of galactose. The new position of Gly135
reinforces the hydrogen-bond network within the carbo-
hydrate-binding site of Heltuba because the O6 atom of
mannose is within hydrogen-bonding distance of the
Gly135 nitrogen atom (Figure 3c). Accordingly, subtle con-
formational changes within the carbohydrate-binding site
can explain the different specificities of Heltuba and jacalin
towards simple sugars. Such subtle differences were also
observed in the crystal structures of Lathyrus ochrus isolectin
I (LOLI) in complexes with glucose and mannose [25].
Of the two dimeric interfaces found in Heltuba, interface
1–3 has no equivalent in jacalin, suggesting that most
residues within the outer β strands of the three Greek-key
motifs may be involved in the oligomerization process. In
contrast, the dimer interface 1–2 roughly resembles the 1–2
dimer interface of jacalin, with a 15° tilt of one subunit. In
jacalin, subunits 1 and 2 associate mainly through hydropho-
bic contacts of their α chains, whereas residues in the
β chain are essential for the association between subunits 1
and 1′ [13] (Figure 4c). In Heltuba, the absence of cleavage
and the presence of the bulky sidechains of residues His26
and Lys51, located in the protruding surface loops β2–β3
and β4–β5 respectively, prevent the second type of inter-
action but favours the side-by-side association of monomers
occurring in the octameric assembly. This new arrangement
is associated with a slight shift (2 Å) of β1, which surpris-
ingly does not disturb the dimeric interface found in jacalin,
whereas at the opposite side of the β prism a shift of β5 (by
~2 Å) is associated with the new 1–3 dimeric interface seen
in Heltuba.
The large structural differences between Heltuba and
jacalin hamper the building of an accurate model as previ-
ously obtained for KM+ on the basis of the structure of
jacalin [14]. The authors suggested that the sidechain of
Asp141 of KM+ (corresponding to Asp139 of Heltuba)
adopts a different conformation to avoid a steric clash with
Gly14 of KM+ (corresponding to Gly17 of Heltuba) located
within the β1–β2 linker, and that these structural elements
are the principal factors responsible for the failure of KM+
to bind galactose. Our structure shows that the sidechain of
Asp139 of Heltuba adopts the same conformation as that of
Asp125 in jacalin, and that the insertion of the glycine-rich
loop is not the only factor that prevents galactose from
binding. Thus, most of these predictions do not hold true
for Heltuba, which raises the question of the accuracy of
model building for a protein that possesses weak sequence
conservation. For example, the new position of Gly62 of
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Figure 5
Structural comparison with jacalin.
(a) Stereoview superposition of the Cα traces
of Heltuba (colour-coded as in Figure 1) with
bound Manα1–3Man (orange) and a jacalin
monomer (β chain green; α chain light green)
and bound α-Met-Gal (light green), viewed
perpendicular to the β-prism axis. The figure
shows the β1–β2 insertion loop (red, top) as
well as the distortions in the Greek-key motifs
1 (orange) and 2 (blue). The N-terminal
residue Gly1 in jacalin, which protrudes into
the carbohydrate-binding site and is
responsible for the galactose specificity, is
highlighted (dark blue). The N and C termini of
the jacalin β chain are labelled S4 and K18,
respectively. (b) Stereoview superposition of
the carbohydrate-binding site of Heltuba
(yellow backbone with orange sidechains) and
jacalin (green backbone with green
sidechains) showing the shifted position of
mannose (orange) compared with galactose
(light green). The insertion β1–β2 loop in
Heltuba and the N-terminal glycine in jacalin
are highlighted as in (a). The large movement
of the stretch of residues Phe61–Lys67,
including Gly62, is visible.
Heltuba, far from the carbohydrate-binding site, was not
predicted in the model of KM+ as an additional structural
element responsible for the mannose specificity of
Heltuba. In addition, the authors mention that the quater-
nary structure found in jacalin will be conserved in KM+.
We demonstrate here that such a tetrameric structure
cannot be obtained for Heltuba and most probably for
other homologues of the jacalin-related lectin family.
Whether this novel assembly seen in Heltuba is conserved
among other members will only be confirmed by the deter-
mination of additional three-dimensional structures.
Biological implications
Although only recently discovered, the mannose-specific
subgroup of jacalin-related lectins has become an impor-
tant subject in plant biochemistry and physiology. These
lectins are apparently more widespread in plants than
any other lectin family and, at least in some plants, are
inducible by the plant hormone jasmonic acid. Because
the elucidation of their physiological role and the
exploitation of their potential defensive properties largely
depend on the identification of the natural target glycans,
the determination of the structure of the binding site is of
primary importance. 
Our results unambiguously demonstrate that the lectin
Heltuba preferentially accommodates Manα1–2Man and
Manα1–3Man dimannosides. As these carbohydrates are
not common in plants one can reasonably assume that the
specificity of the mannose-binding jacalin-related lectins is
directed against foreign glycans, which supports the idea
that these lectins fulfil a role in plant defense. The resolu-
tion of the Heltuba structure revealed two other highly
relevant features with respect to the carbohydrate-binding
activity of the lectin. Firstly, it was made clear that adja-
cent subunits of the native octameric protein are capable
of binding dimannoside units residing in different anten-
nae of a single high-mannose N-glycan. Secondly, the
unique donut-shaped structure strongly suggests that the
mannose-binding jacalin-related lectins are capable of
cross-linking multiple N-linked glycans, and accordingly
might exert strong biological effects on their target organ-
isms or cells even at very low concentrations.
Sequence analyses leave no doubt that the family of
jacalin-related lectins evolved from a common ancestor.
During evolution a large subgroup of cytoplasmic
mannose-specific lectins and a small subgroup of galac-
tose-specific lectins with vacuolar localization arose. We
find that the generation of a free amino group by the pro-
teolytic processing of projacalin was probably the cause
for this dramatic shift in specificity from mannose to
galactose. Finally, the structural comparison with jacalin
highlights how plants succeeded in developing structurally
similar but functionally different carbohydrate-binding
proteins using an almost identical structural motif.
Materials and methods
Gel-filtration chromatography
Gel-filtration chromatography of Heltuba was performed by fast protein
liquid chromatography (FPLC) on a prepacked Superdex S75 column
(Pharmacia), equilibrated with 10 mM HEPES pH 7.4, 150 mM NaCl
and 0.1 M mannose at 20°C. Aldolase (158 kDa), bovine serum
albumin (67 kDa) and jacalin (67 kDa) were dissolved in the same
buffer and used as molecular weight standards.
Crystallization and data collection
Heltuba was purified and stored as described [10]. For crystallization, the
lyophilized protein was dissolved in 10 mM HEPES pH 7.4, 150 mM
NaCl, 3 mM EDTA, and 0.005% P20 at a final concentration of
2.5 mg/ml. Crystals were obtained at 20°C using the vapour diffusion
technique. Typically, 2 µl of the protein solution were mixed with 2 µl of
the reservoir solution made of 26–28% polyethylene glycol (PEG)
monomethyl ether 550, 0.2 M calcium acetate or magnesium acetate and
0.1 M HEPES pH 7.0. Crystals usually appeared within three days with
typical dimensions of 0.2 mm × 0.2 mm × 0.3 mm. The Heltuba–diMan,
Heltuba–triMan and Heltuba–pentaMan complexes were obtained after
soaking apo Heltuba crystals in the reservoir solution supplemented with
50 mM of either diMan, triMan (Dextra), respectively. The Heltuba crystals
belong to the space group I422 with unit-cell dimension:
a = b = 104.93 Å and c = 63.75 Å. They contain one Heltuba molecule
per asymmetric unit, giving a Vm value of 2.8 Å3/Da and a solvent content
of ~56% [26]. Similar crystal forms were also obtained with a reservoir
solution containing either 1.5 M ammonium sulfate, 10% PEG 400 and
0.1 M HEPES pH 7.5 or 40–43% 2-methyl-2,4-pentanediol (MPD),
0.2 M magnesium acetate and 0.1 M HEPES pH 7.5. Apart the
Heltuba–triMan complex, crystals selected for data collection were
directly flash cooled at 100K in a nitrogen gas stream and stored in liquid
nitrogen. Data for apo Heltuba were collected on beamline BW7A of
DESY (Hamburg, Germany), and those of the diMan and triMan com-
plexes on a Mar345 imaging plate mounted on a Rikagu rotating-anode
operating at 40 kV × 80 mA and equipped with MarResearch focussing
mirrors. Oscillation images were integrated with DENZO [27] and scaled
and merged with SCALA [28]. Amplitude factors were generated with
TRUNCATE [28]. The data collection statistics are shown in Table 1.
Structure determination and refinement
Initial phases were obtained by molecular replacement using an entire
subunit of the jacalin tetramer (PDB code 1JAC) [13] as a search model
with AMoRe software [29], giving a correlation coefficient and an R
factor value of 24.5% and 50.8%, respectively, in the 15–4 Å resolution
range. Rigid-body refinement was then performed with CNS [30] using
data between 10 Å and 3 Å and gave an R factor of 54.8%. For 5% of
the reflections against which the model was not refined, the R free was
53.5%. Refinement of the molecular replacement model was performed
at 2.0 Å resolution using the wARP/REFMAC procedure [31] without
restraints on the model, and the resulting 3Fo–2Fc and Fo–Fc electron-
density maps were used to rebuild the model with the graphics program
TURBO-FRODO [32]. When the protein model was complete, the 
R factor and R free values were 24% and 28%, respectively. Addition of
solvent molecules was automatically performed using wARP and was
carefully examined on the graphics display. In the latter stages, the
model was refined using CNS [30] including bulk-solvent and
anisotropic B-factor corrections. CNS omit maps from the final model
were used to check the accuracy of the model; ten residues were sys-
tematically deleted in each calculation, simulated annealing then being
used to reduce model bias. The final model comprises residues
Asp5–Pro147 with Pro12 and Pro109 in the cis conformation. High 
B factors and weak electron density are associated with residues Lys51,
Asp66 and Tyr90–Met92. The apo Heltuba structure, without solvent,
was used as a starting model for determining the two complex struc-
tures. Rigid-body refinement dropped the R factor values to 24% and
23.9% for the triMan and diMan complex structures, respectively (R free
values 28% and 27.2%) in the 10–3.5 Å resolution range. Fourier differ-
ence maps clearly revealed the location of the bound diMan. However,
no density was observed for the third mannose moiety present the triMan
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complex structure, and only a Manα1–3Man dimannoside was modelled.
Final models were obtained after subsequent refinement using CNS,
alternated with graphic inspection. The rms deviations between the apo
Heltuba and each of the two dimannoside complexes are 0.24 Å for 143
Cα atoms, with the largest deviation up to 2 Å for His91 in the case of
the Manα1–2Man complex. The rms deviation between the two diman-
noside complex structures is 0.3 Å for 143 Cα atoms. The stereochem-
istry of the three models was analyzed with PROCHECK [33] and
WHATIF [34]; 88% of the polypeptide backbone dihedral angles were
found to lie in the most favourable regions of the Ramachandran plot,
with the remainder in allowed regions. Analysis of the dihedral angles of
the Manα1–2Man and Manα1–3Man dimannosides were found to lie
within low energy values as calculated using the SWEET database [35].
Figure 1 was generated using Alscript [36], Figure 2a with TURBO-
FRODO [32], Figures 2–5 with MolScript [37] and Raster3D [38],
Figures 2c and 4c with GRASP [39] and Figure 3c with Ligplot [40].
Accession numbers
The coordinates and structure factors of apo Heltuba and the
Heltuba–triMan and Heltuba–diMan complexes have been deposited in
the PDB with accession codes 1C3K, 1C3M and 1C3N, respectively.
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